SUMMARY
SUMMARY
Psychological stress-induced hyperthermia (PSH) is a fundamental autonomic stress response observed in many mammalian species. Here we show a hypothalamomedullary, glutamatergic neural pathway for psychological stress signaling that drives the sympathetic thermogenesis in brown adipose tissue (BAT) that contributes to PSH. Using in vivo drug nanoinjections into rat brain and thermotelemetry, we demonstrate that the rostral medullary raphe region (rMR) and dorsomedial hypothalamus (DMH) mediate a psychosocial stress-induced thermogenesis in BAT and PSH. Functional neuroanatomy indicates that the DMH functions as a hub for stress signaling, with monosynaptic projections to the rMR for sympathetic outputs and to the paraventricular hypothalamic nucleus for neuroendocrine outputs.
Optogenetic experiments showed that the DMH-rMR monosynaptic pathway drives BAT thermogenesis and cardiovascular responses. These findings make an important contribution to our understanding of the central autonomic circuitries linking stress coping with energy homeostasis-potentially underlying the etiology of psychogenic fever, a major psychosomatic symptom.
HIGHLIGHTS
• DMH and rMR neurons mediate stress-induced BAT thermogenesis and hyperthermia
• DMH functions as a hub for stress signals to sympathetic and neuroendocrine outputs
• Photostimulated DMH-rMR neurotransmission drives autonomic responses mimicking stress
• LH-rMR projection neurons including orexin neurons elicit only weak BAT thermogenesis
INTRODUCTION
Psychological stress is mental strain or pressure under the perception of impending endangerment, pain or discomfort and triggers various physiological responses. Many psychological stressors induce an acute elevation of body temperature, which is called psychological stressinduced hyperthermia (PSH). Although PSH is a fundamental autonomic stress response observed in many mammalian species, its central circuitry mechanism has yet to be determined. The development of PSH presumably increases physical and neural performances through warming up muscles and the central nervous system by a few degrees
Celcius (Bishop, 2003) -beneficial in surviving the "fight or flight" situations when animals confront enemies. In humans, however, intense, long-lasting psychological stress often causes chronic hyperthermia, which is recognized as a major psychosomatic symptom called "psychogenic fever" (Timmerman et al., 1992; Oka and Oka, 2012) .
Many clinical cases of "fever of unknown origin" (exhibiting no abnormality in diagnostic tests nor physical examination except high body temperature) are found psychogenic (Nozu and Uehara, 2005) .
Distinct from inflammation-induced fever, PSH and many cases of psychogenic fever are resistant to cyclooxygenase inhibitors (Vinkers et al., 2009; Lkhagvasuren et al., 2011; Oka and Oka, 2012) , indicating that PSH does not involve central pyrogenic triggering by prostaglandin E 2 (PGE 2 ) (Nakamura 2011; Saper et al., 2012) . For understanding the mechanism of PSH, it is important to determine the central efferent pathways for the stress-driven autonomic signaling that leads to the development of the thermal responses. Elucidating the central neural substrate for PSH would also contribute to understanding the etiology of psychogenic fever.
We have reported that blockade of β 3 -adrenoceptors diminishes PSH (Lkhagvasuren et al., 2011) . Since the β 3 -adrenoceptor is the primary subtype mediating sympathetic thermogenesis in brown adipose tissue (BAT) (Cannon and Nedergaard, 2004) , our finding indicates that heat production in BAT makes a major contribution to the stress-induced elevation of body temperature. Psychological stress induces activation of sympathetic premotor neurons in the rostral medullary raphe region (rMR), including the rostral raphe pallidus and raphe magnus nuclei (Lkhagvasuren et al., 2011) . Although these sympathetic premotor neurons express vesicular glutamate transporter (VGLUT) 3 and control BAT thermogenesis for fever and cold defense (Nakamura et al., 2004) , there is no direct functional evidence that neurons in the rMR mediate stress-induced BAT thermogenesis.
The dorsomedial hypothalamus (DMH) plays a pivotal role in stressinduced cardiovascular and neuroendocrine responses (Stotz-Potter et al., 1996a,b) , as well as in febrile and cold-induced BAT thermogenesis (Madden and Morrison, 2004; Nakamura et al., 2005; Nakamura and Morrison, 2007) . However, whether neurons in the DMH are involved in the development of PSH is unknown. The DMH provides a direct axonal projection to the rMR (Hosoya et al., 1987) . In light of the critical roles of the DMH and rMR in febrile and cold-induced BAT thermogenesis (reviewed in Nakamura 2011), the DMH-rMR monosynaptic pathway might mediate the sympathetic outflow to drive BAT thermogenesis for fever and cold defense. Furthermore, if the DMH and rMR are both involved in stress-induced BAT thermogenesis, this pathway might also contribute to the stress-driven sympathetic outflow to BAT. However, there is a controversial view that a multisynaptic pathway through the ventrolateral part of the caudal periaqueductal gray (vlcPAG) could transmit a BAT thermogenic signal from the DMH to the rMR (Chen et al., 2002; Yoshida et al., 2005) .
Furthermore, in addition to DMH neurons, orexin neurons in the lateral hypothalamic area (LH) have also been proposed to contribute to stressinduced BAT thermogenesis (Zhang et al., 2010) . A detailed mapping of rMR-projecting, stress-activated neurons in the caudal hypothalamus would allow delineation of the candidate sites that should be targeted in functional studies to identify PSH-mediating neurons.
Here we explicate the roles of the DMH and the rMR in psychological stress-induced BAT thermogenesis and hyperthermia by examining the effects of drug nanoinjections into these brain regions on the thermal responses in rats exposed to social defeat stress, a psychological stress model that is close to human social stress and induces PSH (Björkqvist, 2001; Lkhagvasuren et al., 2011) . We also mapped the distribution of rMR-projecting, stress-activated neurons in the caudal hypothalamus and compared with that of stress-activated neurons that project to the paraventricular hypothalamic nucleus (PVH), a neuroendocrine output center. Finally, in vivo optogenetic experiments were performed to identify a hypothalamomedullary pathway that drives BAT thermogenic and cardiovascular responses mimicking those induced by stress.
RESULTS

Social Defeat Stress Induces BAT Thermogenesis and Hyperthermia
Temperatures of the interscapular BAT (T BAT ) and abdominal cavity (body core temperature; T core ) of free-moving rats were simultaneously monitored using telemetric temperature probes. To confirm that this dual temperature recording can detect BAT thermogenesis and hyperthermia, we injected the lateral ventricle with PGE 2 , a pyrogenic mediator inducing BAT thermogenesis (Nakamura 2011) . T BAT started to rise immediately after the injection of PGE 2 and increased by 1.7 ± 0.4°C to a peak (peak ∆T BAT , n = 5) within 30 min ( Figure S1 ). T core always started to rise 1-2 min later than the initiation of the T BAT rise and followed the increase in T BAT (peak ∆T core : 1.5 ± 0.4°C; Figure S1 ).
These properties of the changes in T BAT and T core are consistent with BAT heat production during fever being transferred to the rest of the body to elevate T core , and indicate that the observed rise in T BAT preceding the increase in T core reflects BAT thermogenesis.
We then examined the effect of social defeat stress on T BAT and T core .
Soon after intruder Wistar rats were placed into the cages of dominant resident Long-Evans rats, the intruders were defeated by the residents and exhibited an increase in T BAT of 2.6 ± 0.2°C (peak ∆T BAT within 60 min of stress period, n = 6; Figure 1A and B). Similar to the PGE 2 -evoked responses, T BAT started to rise immediately after the initiation of the stress exposure, and this was followed after 1-2 min by an increase in T core ( Figure 1A and B; peak ∆T core : 2.3 ± 0.3°C). To test whether the social defeat stress-induced increases in T BAT and T core are dependent on β-adrenoceptors, we injected the β-adrenoblocker propranolol intravenously prior to the stress exposure. Propranolol significantly reduced the stress-induced increases in both T BAT and T core , compared with saline injection ( Figure 1C-F) . These results support our view (Lkhagvasuren et al., 2011 ) that social defeat stress induces sympathetic BAT thermogenesis, which, in turn, supports a major part of the elevation of T core during the development of PSH.
Thermal Responses to Social Defeat Stress Require Glutamatergic
Activation of Neurons in the rMR
To investigate the functional contribution of neurons in the rMR to the stress-induced BAT thermogenesis and hyperthermia, we inactivated neurons in the rMR by nanoinjecting muscimol, a GABA A receptor agonist that inhibits neurons locally. Injection of muscimol into the rMR ( Figure 2A and C) eliminated the increases in T BAT and T core induced by social defeat stress ( Figure 2D -G), but did not significantly affect basal T BAT or T core (Table S1 ). In contrast, stress exposure following saline injection into the rMR induced large increases in T BAT and T core , which were comparable to the stress responses in non-injected rats .
To determine whether excitatory neurotransmitter inputs to the rMR are involved in stress-induced physiological responses, we blocked glutamate receptors in the rMR prior to the stress exposure by nanoinjecting a mixture of AP5 and CNQX (AP5/CNQX), antagonists for NMDA and AMPA glutamate receptors, respectively ( Figure 2B ). This injection eliminated most of the increases in T BAT and T core induced by social defeat stress ( Figure 2H -K), and also inhibited the tachycardic, but not pressor, response to the stress ( Figure S2 ). These results indicate that glutamatergic activation of neurons in the rMR is an important process in the stress-driven sympathetic signaling to BAT and to the heart during the development of PSH.
Thermal Responses to Social Defeat Stress Are Modulated by
Activation of 5-HT 1A Receptors in the rMR
Activation of 5-HT 1A receptors inhibits BAT thermogenesis evoked by skin cooling or leptin injection and a part of this effect is mediated through their effect(s) in the brain (Morrison, 2004; Nakamura and Morrison, 2007) . We examined whether the stress-induced BAT thermogenesis and hyperthermia are affected by activation of 5-HT 1A
receptors. Subcutaneous injection of 8-OH-DPAT, a 5-HT 1A receptor agonist, eliminated the increase in T BAT evoked by social defeat stress ( Figure S3A and B). This systemic injection also caused hypothermia ( Figure S3C and D) as reported (Hjorth, 1985) .
Since spinally projecting neurons in the rMR express 5-HT 1A receptors (Helke et al., 1997), we examined whether activation of rMR 5-HT 1A receptors is sufficient to inhibit stress-induced thermal responses.
Nanoinjection of 8-OH-DPAT into the rMR ( Figure S3G , inset) strongly reduced the increases in T BAT and T core induced by social defeat stress, but did not lower T core below the baseline ( Figure S3E -H), in contrast to the hypothermic effect of the systemic injection of 8-OH-DPAT. These results raise the possibility that serotonergic inputs to the rMR or locally released serotonin can inhibit stress-induced BAT thermogenesis and hyperthermia through local 5-HT 1A receptors.
Social Defeat Stress-Induced Activation of DMH Neurons Projecting to the rMR and PVH
The critical role of glutamatergic neurotransmission to the rMR in stressinduced BAT thermogenesis prompted us to examine the caudal hypothalamus as a source(s) of the stress-driven thermogenic inputs to the rMR. We also sought to identify caudal hypothalamic neurons providing a stress signal to the PVH, which potentially drives neuroendocrine stress responses. To separately visualize rMR-and PVH-projecting neurons, two types of cholera toxin b-subunit (CTb), a retrograde tracer, conjugated with different fluorophores, Alexa594 and Alexa488, were injected into the rMR and PVH, respectively ( Figure 3A and B and Figure S4A and B). The rats were subsequently subjected to social defeat stress and expression of Fos, a marker of neuronal activation (Sagar et al., 1988) , was examined in CTb-labeled caudal hypothalamic neurons.
The injection of Alexa594-conjugated CTb into the rMR (rMR-CTb) resulted in retrograde labeling of many neuronal cell bodies in a dorsal part of the caudal hypothalamus ( Figure 3E and F) (Hermann et al., 1997) .
In contrast, neurons labeled with Alexa488-conjugated CTb from the PVH (PVH-CTb) were mostly distributed in middle and ventral parts of the caudal hypothalamus ( Figure 3E and F) (Sawchenko and Swanson, 1983; Singru et al., 2005) . Very few cells in the caudal hypothalamus were double-labeled with rMR-CTb and PVH-CTb ( Figure 3C -F and Figure S4C -G).
Social defeat stress induced a remarkable expression of Fos in rMRCTb-labeled neurons that formed a prominent cluster in the dorsal part of the DMH (dDMH), which was located in a rostral part of the DMH ( Figure 3C and F 1 and Figure S4C ). Quantification of Fos expression in rMR-CTb-labeled neurons in the dDMH revealed a marked activation of these neurons in stressed rats in comparison to control rats ( Figure 3C and E-G and Figure S4D ). Stress-induced Fos expression was also detected in some rMR-CTb-labeled neurons distributed between the mammillothalamic tract and fornix in the LH ( Figure 3E and F).
Among neurons labeled with PVH-CTb, prominent Fos expression following stress was found in a population clustering in the ventral part of the DMH (vDMH) ( Figure 3D and F and Figure S4C ). Fos expression in PVH-CTb-labeled neurons in the vDMH was markedly higher in stressed rats than in control rats ( Figure 3D -G and Figure S4E ). Stress- (Table S1 ). Stress following saline injections into the DMH induced increases in T BAT and T core , which were comparable to the responses in non-injected rats .
Optogenetic Stimulation of DMH-rMR Projection Neurons Elicits
BAT Thermogenic and Cardiovascular Responses
Our results raised the possibility that stress-activated dDMH neurons drive BAT thermogenesis through their direct projection to the rMR. To further investigate this possibility, we performed specific stimulation of DMH-rMR projection neurons using an in vivo optogenetic technique ( Figure 5A ) and examined the effects on thermogenic and cardiovascular parameters in anesthetized rats. ChIEF, an engineered channelrhodopsin variant with improved properties and kinetics, is a cationic channel that causes membrane depolarization and action potential when exposed to blue light (Lin et al., 2009 ). Transduction of DMH cells with ChIEF-tdTomato using adeno-associated virus (AAV) resulted in the localization of ChIEF-tdTomato in many cell bodies in the DMH as well as in their nerve endings densely distributed in the rMR ( Figure 5B and C). Repeated in vivo illumination of the ChIEFtdTomato-containing nerve endings in the rMR with pulsed blue laser light consistently elicited increases in BAT sympathetic nerve activity (SNA) and T BAT and also increased heart rate and arterial pressure simultaneously ( Figure 5F and H and Table S2 ). A longer illumination of these nerve endings elicited a larger BAT thermogenesis, whose intensity was comparable to that induced by social defeat stress ( Figure   S5A and B). To reduce the variability in warming-induced inhibitiory effects on BAT thermogenesis (Tupone et al., 2011) among experiments, we performed photostimulation in the presence of a basal level of small ongoing BAT SNA under slightly cooled conditions. As a control, DMH cells were transduced with palGFP, a membrane-targeted form of GFP (Moriyoshi et al., 1996) . As with ChIEF-tdTomato, palGFP was expressed in DMH neurons and delivered to their nerve endings in the rMR ( Figure 5D and E). Pulsed laser illumination of these palGFPcontaining nerve endings in the rMR did not increase BAT SNA, T BAT , heart rate or arterial pressure ( Figure We have shown stress-activated, vDMH-PVH projection neurons.
DMH neurons also project to the vlcPAG and this projection has been proposed to contribute to BAT thermogenesis (Chen et al., 2002; Yoshida et al., 2005) . Therefore, we examined the effects of optogenetic stimulation of DMH-PVH and DMH-vlcPAG projection neurons on the physiological parameters. Consistent with the presence of these projections, AAV transduction of DMH neurons with ChIEF-tdTomato resulted in the delivery of the proteins to many nerve endings in the PVH and vlcPAG ( Figure S5D and E). However, laser illumination of these nerve endings in the PVH or vlcPAG elicited no obvious increase in BAT SNA, T BAT , heart rate or arterial pressure ( Figure 5H , Figure S5J and K, and Table S2 ).
Using this technique, we also determined whether LH-rMR projection neurons contribute to driving BAT thermogenesis and cardiovascular responses. Following AAV transduction of LH neurons including orexin neurons in the perifornical area ( Figure S5F and G),
ChIEF-tdTomato was detected in their nerve endings in the rMR, which were, however, fewer than those projecting from the DMH (compare Figure 5C and Figure S5H and I). Laser illumination of these LHderived nerve endings in the rMR elicited a small increase in BAT SNA (Figure S5L and Table S2 ), which was significantly weaker than that elicited by photostimulation of DMH-derived nerve endings in the rMR ( Figure 5H ). Illumination of ChIEF-tdTomato-expressing cell bodies in the LH did not significantly increase BAT SNA ( Figure S5M and Table   S2 ). No obvious increase in T BAT , heart rate or arterial pressure was evoked by photostimulation of cell bodies in the LH or their nerve endings in the rMR ( Figure 5H and Figure S5L and M).
Antagonizing Glutamate Receptors in the rMR Diminishes Optogenetically Evoked BAT Thermogenic and Cardiac Responses
To determine whether the DMH-rMR projection neurons driving BAT thermogenesis and cardiovascular responses are glutamatergic, we examined the effect of antagonizing glutamate receptors in the rMR on sympathetic responses elicited by optogenetic stimulation of DMH neurons ( Figure 6A ). Laser illumination of ChIEF-tdTomato-expressing cell bodies in the DMH following a saline nanoinjection into the rMR ( Figure 6B and C) consistently elicited increases in BAT SNA, T BAT , heart rate and arterial pressure ( Figure 6D and F). In contrast, following a subsequent nanoinjection of AP5/CNQX into the rMR ( Figure 6B and C), neither BAT SNA nor T BAT was increased by illumination of ChIEFtdTomato-expressing DMH neurons and the increase in heart rate was significantly reduced (Figure 6E and F) . Although the increase in arterial pressure by the stimulation of DMH neurons was attenuated by the AP5/CNQX injection in 4 out of 6 rats, this inhibitory effect was not statistically significant ( Figure 6E and F).
Direct Glutamatergic Innervation of Sympathetic Premotor Neurons in the rMR by DMH neurons
To examine whether DMH neurons directly innervate sympathetic premotor neurons in the rMR, we performed anterograde neuronal tracing.
AAV transduction of neurons in the DMH, mostly dDMH, with palGFP labeled their nerve endings in the rMR ( Figure 7A -C and Figure S6 ).
We found palGFP-labeled axon swellings in the rMR that were closely associated with VGLUT3-immunoreactive cell bodies ( Figure 7B and Figure S6A ). Confocal microscopy revealed that the axon swellings apposed to VGLUT3-immunoreactive cell bodies contained immunoreactivity for VGLUT2, a marker for a subset of glutamatergic neurons ( Figure 7C and Figure S6B ). In contrast, we detected no immunoreactivity for VGLUT1 nor vesicular GABA transporter, a marker for GABAergic axon terminals, in palGFP-labeled axon swellings apposed to VGLUT3-immunoreactive cells in the rMR (Figure S6C and D) .
DISCUSSION
This study revealed an important central neural pathway for the development of PSH, which transmits hypothalamic stress signals to the medullary sympathetic premotor neurons that drive metabolic heat production in BAT-an autonomic response driven in humans as well as in rodents under certain physiological and environmental conditions (Enerbäck, 2010) . We demonstrated that the DMH and rMR mediate the psychological stress-driven sympathetic outflow to BAT for eliciting thermogenesis contributing to the development of PSH. Our functional neuroanatomy and in vivo optogenetic experiments showed that dDMHrMR projection neurons are activated by stress and drive BAT thermogenic and cardiovascular responses. Based on these findings, we
propose that the dDMH-rMR monosynaptic pathway transmits the psychological stress-driven hypothalamomedullary signal that drives sympathetic BAT thermogenesis for the development of PSH ( Figure 7D ).
The present dual thermotelemetry recordings in free-moving rats detected an immediate increase in T BAT and a delayed increase in T core after exposure to social defeat stress or an intracerebroventricular injection of PGE 2 . This difference between the changes in T BAT and T core , which was also observed in our recording from anesthetized rats (Nakamura et al., 2002) , clearly reflects heat production in BAT.
Furthermore, a predominant part of the stress-induced increase in T BAT was eliminated by propranolol, consistent with the β 3 -adrenoceptormediated mechanism of BAT thermogenesis (Cannon and Nedergaard, 2004) . These results confirm the validity of the present thermotelemetric measurement of BAT thermogenesis as well as the major contribution of BAT thermogenesis to the development of PSH.
The BAT thermogenesis and hyperthermia induced by social defeat stress was eliminated by inactivation of neurons in the rMR. We have shown that the rMR contains sympathetic premotor neurons that control BAT thermogenesis (Nakamura et al., 2004) and are activated in response to social defeat stress (Lkhagvasuren et al., 2011) . These findings strengthen the notion that psychological stress activates sympathetic premotor neurons in the rMR to drive BAT thermogenesis for the development of PSH. In addition to BAT thermogenesis, psychological stress can also induce cutaneous vasoconstriction (Ootsuka et al., 2008) , an α-adrenoceptor-mediated sympathetic response, which supports the stress-induced increase in body temperature by decreasing heat dissipation from the body surface. Sympathetic premotor neurons in the rMR also multisynaptically innervate skin blood vessels as well as BAT (Nakamura et al., 2004) . Therefore, some of the stress-activated sympathetic premotor neurons in the rMR likely drive cutaneous vasoconstriction, although cutaneous vasomotion was not measured in the present study. Nonetheless, the strong inhibition of PSH with a β 3 -adrenoblocker (Lkhagvasuren et al., 2011) and propranolol (this study) suggests that the contribution of cutaneous vasoconstriction to social defeat stress-induced hyperthermia is minor compared to that of BAT thermogenesis.
Blockade of glutamate receptors in the rMR largely eliminated BAT thermogenesis and hyperthermia induced by social defeat stress, indicating that glutamatergic inputs to rMR neurons are important in the central sympathetic drive to elicit stress-induced BAT thermogenesis.
As a candidate for the brain region that provides such glutamatergic inputs to the rMR, we focused on the caudal hypothalamus, because this region contains the classic "defense area" (Yardley and Hilton, 1986; DiMicco et al., 2002) . The DMH in the caudal hypothalamus provides numerous axonal projections to the rMR (Hosoya et al., 1987) . Despite earlier efforts (Sarkar et al., 2007) Activation of DMH and rMR neurons is also required for sympathetic thermogenic outflows to BAT for cold defense and fever (Nakamura et al., 2002; Madden and Morrison, 2004; Nakamura et al., 2005; Nakamura and Morrison, 2007) in addition to PSH. Therefore, we propose that the dDMH-rMR direct neuronal projection constitutes the "trunk sympathetic pathway" that mediates the hypothalamomedullary BAT thermogenic drives not only for PSH, but also for basal thermoregulation and fever.
Although both DMH and rMR also play pivotal roles in cardiovascular responses to stress (Stotz-Potter et al., 1996a,b; Zaretsky et al., 2003; Pham-Le et al., 2011) , the functional connection between these sites for driving the cardiovascular stress responses has yet to be studied. Our photostimulation of DMH-derived nerve endings in the rMR elicited increases in heart rate and arterial pressure, and glutamate receptor blockade in the rMR inhibited the cardiac responses elicited by photostimulation of DMH cell bodies and by social defeat stress.
Therefore, the DMH-rMR glutamatergic monosynaptic pathway likely mediates stress-driven sympathetic outflows to the heart as well as to BAT. However, the limited inhibitory effect of glutamate receptor blockade in the rMR on the pressor responses elicited by DMH photostimulation and by social defeat stress suggests that a nonglutamatergic DMH-rMR pathway may partly mediate the cardiovascular hypothalamomedullary signaling. Alternatively, in addition to the DMH-rMR projection, a projection from the DMH to the cardiovascular sympathetic premotor region, rostral ventrolateral medulla, could partly mediate the cardiovascular responses (Horiuchi et al., 2004) .
Although our data demonstrate that the dDMH is the principal site in the caudal hypothalamus that mediates the stress-driven sympathetic outflow to BAT, recent studies propose that orexin neurons, which are suggesting that these neurons might be responsible for neuroendocrine responses to leptin (Ahima et al., 1996) as well as to stress.
Injection of 8-OH-DPAT into the rMR inhibited stress-induced BAT thermogenesis and hyperthermia, suggesting that serotonergic inputs to the rMR or locally released serotonin can inhibit the stress responses through the inhibitory 5-HT 1A receptors, potentially expressed in spinally projecting sympathetic premotor neurons in the rMR (Helke et al. 1997 ).
Hypothermia was caused by subcutaneous injection of 8-OH-DPAT, but
not by injection of this drug into the rMR with the present dose.
Therefore, systemically administered 5-HT 1A receptor agonists might cause hypothermia by acting at brain sites other than the rMR. The idea that 5-HT 1A receptors on different populations of neurons underlie the inhibition of PSH and the hypothermia from systemic 8-OH-DPAT is also supported by a pharmacological study using serotonin transporter knockout rats (Olivier et al., 2008) .
The present study demonstrates that the dDMH-rMR monosynaptic pathway transmits a glutamatergic excitatory stress signal to drive BAT thermogenesis for the development of PSH. Considering that the mechanism of PSH may be relevant to the etiology of psychogenic fever (Oka & Oka, 2012) , this pathway may also be important in the development of psychogenic fever in humans. However, the contribution of BAT thermogenesis to PSH and psychogenic fever in
humans has yet to be determined. Due to the large contribution of BAT thermogenesis to whole body energy expenditure, the present finding 
EXPERIMENTAL PROCEDURES Animals
Wistar rats (male) and Long-Evans rats (male and female) (SLC Japan, Shizuoka, Japan) were housed with ad libitum access to food and water in a room air-conditioned at 24 ± 1ºC with a 12 hr light/dark cycle. All animal protocols were approved by the Animal Research Committee, Graduate School of Medicine, Kyoto University.
Social Defeat Stress and Drug Injection
Wistar rats implanted with a telemetric transmitter to measure T BAT and T core (Data Science International) were exposed to social defeat stress (Lkhagvasuren et al., 2011; see Supplemental Experimental Procedures) .
After 60 min of the stress exposure, the rats were returned to their home cage. In experiments to examine the effects of drugs on stress responses, the rats received an intravenous, subcutaneous or intracranial injection of saline or drugs 5 min before the stress exposure. Propranolol (5 mg/kg, 300 µl) was injected into the jugular vein. 8-OH-DPAT (0.5 mg/kg, 300 µl) was injected subcutaneously in the lower back. Muscimol (1 mM),
8-OH-DPAT (10 mM) and AP5/CNQX (10 mM each) were nanoinjected (100 nl) into the rMR and muscimol was bilaterally nanoinjected (100 nl per side) into the DMH. The doses for the intracranial injections are in the ranges used in anesthetized rats (Nakamura and Morrison, 2007) .
The intravenous and intracranial injections were made through preimplanted cannulae. To reduce the number of animals used, some rats were exposed to stress twice at an interval of > 1 week. Our preliminary experiments showed that thermal responses induced by stress exposures repeated at this interval were comparable. The first stress exposure was always for testing saline and the second one was for testing one of the drugs, which was given at the same site through the same administration route as the saline injection. At the end of the experiment, the rats that received brain injections received another injection at the same site with 50 nl of fluorescent microspheres (Invitrogen) to label the injection sites. The rats were anesthetized and transcardially perfused with 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4). The injection sites were identified in the brain sections.
Retrograde Neuronal Tracing
Retrograde neuronal tracing combined with Fos immunohistochemistry followed our method (Nakamura and Morrison, 2008) . Anesthetized
Wistar rats received injections of Alexa488-and Alexa594-conjugated CTb (Invitrogen) into the right PVH and the rMR, respectively. One week later, the rats were exposed to social defeat stress for 60 min or received a control handling, which allowed them to be in their home cages for 60 min, but were provided with a gentle lift of the tail at the beginning and end of the period (Lkhagvasuren et al., 2011) . Fifteen minutes after the end of the stress or control period, they were anesthetized and perfused with 4% formaldehyde. The brains were cut into 30-µm-thick frontal sections and subjected to immunohistochemistry.
In Vivo Optogenetic Stimulation
Anesthetized Wistar rats received a unilateral injection into the DMH or LH with AAV-CMV-ChIEF-tdTomato or AAV-CMV-palGFP. One week later, they were subjected to in vivo physiological recordings under urethane and α-chloralose anesthesia as described (Nakamura and Morrison, 2007) . To illuminate cell bodies or nerve endings, an optical fiber (diameter, 200 µm; Thorlabs) was perpendicularly inserted into the brain so that the fiber tip was positioned at 0.5-1.0 mm dorsal to the target site. The light source was a diode-pumped 445 nm blue laser (Power technology) controlled by an electrical stimulator that generated pulse signals. The power output was measured at the fiber tip with a light meter beforehand and preset at 8 mW (when the laser was activated in a continuous mode). The target sites were illuminated with 50-ms light pulses at 10 Hz. Each train of the light pulses was given for 30 sec or 180 sec. In some experiments, AP5/CNQX (5 mM each, 60 nl) or saline was injected into the rMR.
Immunohistochemistry
Immunohistochemistry followed our methods (Nakamura et al., 2004 (Nakamura et al., , 2005 The anti-mRFP antibody shows reactivity to tdTomato.
Anatomy and Statistical Analysis
The anatomical nomenclature followed Paxinos and Watson's stereotaxic rat brain atlas (Paxinos and Watson, 2007) , except that for nomenclature purposes, the raphe pallidus nucleus was divided into two parts: rostral and caudal to the rostral end of the inferior olivary complex (Nakamura et al., 2002) .
Data are shown as the means ± SEM. Differences between groups were examined by a two-tailed paired or unpaired t-test or by a one-way or two-way ANOVA followed by Bonferroni's post-hoc test as appropriate. P < 0.05 was considered statistically significant. 
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